Metallurgical Processes in NbTi Filaments as a Function of Isothermal Annealing Time  by Somerkoski, J. et al.
 Physics Procedia  36 ( 2012 )  1516 – 1521 
1875-3892  © 2012 Published by Elsevier B.V. Selection and/or peer-review under responsibility of the Guest Editors. 
doi: 10.1016/j.phpro.2012.06.124 
Superconductivity Centennial Conference 
Metallurgical Processes in NbTi Filaments as a Function of 
Isothermal Annealing Time 
J. Somerkoskia C. Fiamozzi Zignanib, G. De Marzib, L. Muzzib 
a Luvata Pori Oy, Kuparitie 5, FI-28330 Pori, Finland 
b ENEA C.R. Frascati, Via E. Fermi 45, Frascati (RM) 00044, Italy 
Abstract 
In an attempt to improve understanding between pinning behaviour and underlying microstructures, 
results of the investigation on multifilamentary Cu/Nb-47w%Ti alloy are presented. Wire was drawn to 
final size without intermediate stage thermomechanical treatments. Cold worked structure was subjected 
to isothermal annealing at 648 K for various annealing times between 2 minutes to 100 hours. 
Microstructural and compositional features were studied by transmission electron microscopy, TEM, and 
analytical TEM equipped with EDS analyzer. The pinning behavior was monitored by the maximum 
volume pinning force determined using transport current measurements at 4.2 K up to 9 T. According to 
the present results, the average grain boundary spacing remained rather constant at 45 nm throughout all 
annealing times while the average grain boundary width increased from the initial dimension of 1 nm to 
1.8 nm after 100 hours as a result of precipitation processes at grain boundaries. Further, distributions of 
the grain boundary widths changed from a sharp shape to a wider spectrum of widths. The precipitation 
process created titanium concentration gradients in the vicinity of the grain boundaries. As the annealing 
time increased, the sharp gradients became shallower and Ti concentrations as low as 35 w% Ti were 
observed after 40 hours.  High field pinning at 9 T was associated with structures having a mean grain 
boundary width of 1.2 nm and titanium concentration gradients on a scale of 2.5 to 5 nm from the grain 
boundaries. Mid magnetic field pinning was favored by microstructures having titanium gradients on a 
scale of 5-10 nm and the mean width of 1.5 nm while improved low field pinning at 3 T was associated 
with microstructures having the mean width of 1.8 nm, shallow gradients and titanium concentrations as 
low as 35 w% inside of the grains.    
 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla and Peter Kes. 
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1. Introduction 
For applications of superconductivity being designed to work at a temperature different from normal 
4.2 K it is a desire to scale the 4.2 K results to a design situation. A two pinning component model 
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introduced  recently [1] has increased the prediction accuracy greatly especially at temperatures above 4.2 
K. The model proposes that two different elementary pinning mechanisms are operating simultaneously, 
one at low  fields and the other one at high fields. Only the weight of each elementary pinning mechanism 
changes depending on the thermomechanical history of the wire.  
Precipitation like Į-Ti  at grain boundaries have been found beneficial in grain size refinement and 
enhancing superconducting critical current capacity in technical Nb 46.5 w% Ti. Optimum 
microstructures with highest critical current densities have been found to be associated with 
microstructures having grain boundary precipitates of 1-2 nm in thickness and precipitate separation as 
small as the scale of  3-6 nm [2]. 
For further understanding of NbTi pinning mechanisms, some aspects like compositional variations 
accompanied with precipitation processes still deserve some attention [1]. Such studies at and in the 
vicinity of the grain boundaries become challenging due to the very fine scale of the optimized wires. 
 Based on our earlier experimentation, we therefore attempted to simplify the situation by choosing a 
wire size with a relatively big grain size and varying only the final annealing time at a temperature of 648 
K. 
2. Experimental 
2.1. Materials and Treatments 
In assembly of the 60 filament composite billet, surface cleaned superconductive NbTi (WC) rods with 
(1) Chemical composition 47.1 w-% Ti and impurities in weight ppm, O 580, N68, H < 5, C 70, Ta 620, 
Al <25, Fe < 50, Ni < 25, Cu < 10Cr < 25. (2) soft annealed Vickers Hardness (HV10) of 138 and (3) the 
ASTM E112 grain size 8, and oxygen free cryogenic grade oxygen free copper components were used. 
SEM studies with EDS analysis had revealed compositional Ti variations between 43-48.9 w% for the 
starting rods. 
The billet was heated to 873 K and extruded into water. The bar was cold drawn directly down to final 
diameter without intermediate stage annealing treatments. At this stage, the total true strain was 9. Wire 
was sectioned for  isothermal annealing treatments in a salt bath at 648 K. Temperature was controlled 
within 5 K.  
Annealing times were 2 minutes, 18 minutes, 50 minutes, 3 hours, 40 hours and 100 hours and samples 
hereafter are denoted as 2M, 18M, 50M, 3H, 40H and 100H, respectively while cold worked wire is 
denoted as CW. 
2.2. Sampling and Material Characterisation 
Cross sectional  and longitudinal samples were studied with transmission electron microscopy, TEM, 
and analytical TEM, ATEM. Foils were prepared by grinding, polishing and chemical etching at a 
temperature of 263-268 K in an acid mixture containing HNO3, H2SO4 and HF in a volume ratio of  2:2:1, 
respectively.  
TEM studies were carried out with AEI-EM7 at 200-300 kV. Micrographs were used for measuring 
grain size by a line intercept method as well characterising crystallographic orientation properties. 
ATEM (Vacuum Generators HB501) at 100 kV was used for measuring Ti concentration profiles by 
EDS point analysis. The electron beam was focused to an estimated diameter of 1 nm. X-ray data were 
ZAF corrected in order to quantify the results. In addition, micrographs obtained at a magnification of 1 
million were transferred to electronic format and used for measuring the widths of grain boundaries. A 
resolution  better than 0.2 nm was estimated for good quality micrographs. 
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2.3. Transport Current Measurement 
Critical currents at 4.2 K and an external magnetic field, B,  up to 9 T were measured resistively by a 
four point probe on a helically wound samples. For a critical current determination, a criterion of 10 
μV/m was used. For calculation of the critical current densities, Jc, and maximum volume pinning force, 
Fp=JcxB, a cross sectional area of NbTi filaments was obtained by a weighing method.  
3. Results and Interpretation 
3.1. Superonducting properties 
Fig. 6 shows results of the maximum volume pinning force, Fp, as a function of the annealing time at 
magnetic fields of  3 T, 5 T, 7 T and 9 T. At 9 T Fp peaked after a 18 minute annealing time whereas 
highest pinning force at 5 T and 3 T were observed after 3 hours and 40 hours, respectively. Further, the 
material after 3 hours had an enhanced performance at low, mid and high field ranges. 
 
Fig. 1. Maximum volume pinning force, Fp, as a function of annealing time, measured at 4.2 K. 
3.2. Microstructural Characterizations 
Transmission electron micrographs, Fig. 1, show transverse sections of cold worked state, after 18 
minutes and 100 hour annealing time. As the electron beam was perpendicular to a foil surface the 
diffraction mode revealed a <110> diffraction ring pattern typical of heavily drawn Nb47 Ti. In bright 
field image, grains had various contrasts. Dark grains were diffracting strongly off while grains with light  
 
 
 
 
 
 
 
 
 
a.             b.       c.   
 Fig. 1. Transmission electron micrographs (transverse section, bright field mode) for (a) a cold 
worked structure; (b) after 18 minute annealing; (c) after 100 hour annealing. 
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appearance and a 1-2 degree orientation differences had allowed electrons transmit directly to the photo 
plate. Grains varied from equiaxed to high aspect ratio in shape. In longitudinal micrographs grains were 
highly elongated in drawing direction with lengths exceeding 1000 nm. It was deduced that extrusion and 
cold drawing steps had effectively deformed filament crystallography to a nearly ideal <110> fiber 
structure. The same general observations  were made for structures after various annealing times. 
Fig. 2. (a) Average grain boundary spacing as a function of the annealing time at a temperature of 648 
K.; (b) The grain boundary width as a function of annealing time; solid line for the mean values, dashed 
lines for standard deviations; (c) The distribution of grain boundary widths for a cold worked structure 
and after a 100 hour annealing time. 
 
Fig. 2 shows the results of the grain structure related measurements. The values of grain boundary 
spacings, Fig.2.a,  were averaged over a  population of minimum 5 areas each containing minimum 20 
grains. The average grain boundary spacing of 48 nm for the initial cold worked structure remained rather 
constant after all annealing times. It was deduced that a relatively low temperature released recovery 
processes associated with dislocation arrangements and simultaneous enrichment of titanium in the grain 
boundaries pinning them effectively already at initial steps. Further, the slight variations observed in 
spacings were deduced to be statistical in nature rather than representing an actual change in 
microstructure.  
Fig. 2.b shows the results of  grain boundary width measurements as a function of the annealing time. 
The average grain boundary width increased gradually from the initial cold worked width of 1 nm to 1.8 
nm after 100 h annealing.  Further, the distribution of the grain boundary widths changed from an initially 
rather sharp shape to a wider spectrum of widths as seen in standard deviations and in Fig.3.c.  
Fig. 3 shows titanium concentration profiles measured over a grain boundary along a line  
perpendicular to the boundary. Titanium concentrations of the cold worked structure varied randomly 
between 42.2 to 48.9 % in a range expected from compositional variations of the starting material. After a 
2 minute annealing the compositional variations were still rather similar with the cold worked structure. 
After 18 minutes, signs of Ti concentrations above 50 % were observed at grain boundaries. After a 50 
minute annealing, Ti concentration at boundary had increased to a level of 54-59 w% Ti.  Further, Ti 
concentrations lower than 42-43 % were observed typically on one side of the peak at a distance of 2.5-5 
nm away from the grain boundary location. Rather similar observations were made after a 3 hour 
annealing. 
After a 40 hour annealing, highest Ti concentrations still varied between 58 to 65 % at a grain 
boundary whereas in the vicinity of the grain boundaries Ti concentrations were observed to be well 
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below 40 % and lowest values as low as 35 % were recorded. Further, low concentration areas had 
extended to a distance of  10-15 nm from the grain boundary. After a 100 hour annealing, gradients had 
leveled off and compositional variations seemingly had become homogenized inside the grains. Lowest 
Ti concentrations were on the level 38-40 w%. 
 
Fig. 4. Titanium concentration (in wt%) profiles over a grain boundary indicated by an arrow and an 
actual width after annealing time of (a) 2 minutes; (b) 18 minutes; (c) 50 minutes; (d) 3 hours ; (e) 40 
hours; (f) 100 hours. 
4. Discussion 
In interpretation of EDS results, the so-called beam broadening effect needs to be included in the 
considerations. As the focused incident electron beam hits the foil with a diameter of 1 nm, the electrons 
are spread in a thin foil, see Fig.5.a [3]. Therefore the emitted X-rays arise from a bigger volume and 
actual concentrations could be e.g. higher at grain boundaries and lower in the vicinity of grain 
boundaries. In another study of ours on the present experimental materials, use of x-ray diffraction 
techniques revealed Į-Ti precipitates after a 3 hour annealing. For the present experimental situation, 
Fig.5.b shows results of the simplified volume based calculation how an EDS detector would see a grain 
boundary precipitate of 100 % Ti embedded in a NbTi matrix with various Ti concentrations. The 
calculation without ZAF corrections assumed that an incident beam of diameter 1 nm beam broadens to a 
diameter of 7 nm in a 50 nm thin foil and the precipitate orientation is perpendicular to a foil surface and 
parallel to an electron beam.   
As an example, a 2 nm thick Ti precipitate would result in an EDS concentration of 60 % Ti when a 
matrix next to the precipitate has a Ti concentration of 34 %. Further, a 0.5 nm thick precipitate would 
show a Ti concentration of 50 % when a matrix contains 40 w% of Ti.  
It was deduced that Ti concentrations considerably lower than bulk were developed during the first 
three hours before being detected by EDS. Further, the concentration gradients arose as a consequence of 
the competition between a metastable ȕ phase striving for a thermodynamic ȕ+Į balance and a sluggish 
diffusion rate of titanium in ȕ matrix [2]. 
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Fig. 5. (a) A schematic of beam broadening effect; (b) Ti-concentration seen by EDS vs Ti 
concentration of matrix calculated for various Į-Ti precipate thicknesses between 0.5 nm to 2.5 nm.         
5. Conclusions 
As the isothermal annealing time increased the enhanced maximum volume pinning force shifted  from 
high magnetic field of 9 T after 18 minutes to mid field of 5 T after 3 hours and further to low magnetic 
field of 3 T after 40 hours.   
While the average grain boundary spacing remained rather constant at  45 nm throughout all annealing 
times, the grain boundary widths were observed to increase from initial 1 nm to 1.8 nm as a result of the 
precipitation processes. Further, as the annealing time increased the distribution range of the grain 
boundary widths was observed to widen. Titanium concentrations slightly higher than a bulk 
concentration were observed to rise at grain boundaries after a 18 minute annealing.  After a 50 minute 
annealing treatment a further increase in Ti concentration at grain boundary was observed. In addition, the 
first signs  of a decrease in Ti concentration below the bulk level were observed in a distance of 2.5 to 5 
nm  from the grain boundary. The Ti depleted zone was observed to widen to 10-15 nm as the annealing 
time prolonged to 40 hours and titanium concentrations of 35 % level were recorded.  
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